RNA interference requires efficient delivery of small doublestranded RNA molecules into the target cells and their subsequent incorporation into RNA-induced silencing complexes. Although current cationic lipids commonly used for DNA transfection have also been used for siRNA transfection, a clear need still exists for better siRNA delivery to improve the gene silencing efficiency. We synthesized a series of cationic lipids characterized by head groups bearing various aminoglycosides for specific interaction with RNA. siRNA complexation with such lipidic aminoglycoside derivatives exhibited three lipid/siRNA ratio-dependent domains of colloidal stability. Fluorescence and dynamic light-scattering experiments showed that cationic lipid/siRNA complexes were formed at lower charge ratios, exhibited a reduced zone of colloidal instability, and had smaller mean diameters compared with our previously described guanidinium-based cationic lipids. Cryo-transmission electron microscopy and x-ray-scattering experiments showed that, although the final in toto morphology of the lipid/siRNA complexes depended on the aminoglycoside type, there was a general supramolecular arrangement consisting of ordered lamellar domains with an even spacing of 67 Å. The most active cationic lipid/siRNA complexes for gene silencing were obtained with 4,5-disubstituted 2-deoxystreptamine aminoglycoside derivatives and were characterized by the siRNA being entrapped in small particles exhibiting lamellar microdomains corresponding to siRNA molecules sandwiched between the lipid bilayers. These results clearly show that lipidic aminoglycoside derivatives constitute a versatile class of siRNA nanocarriers allowing efficient gene silencing.
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gene silencing ͉ gene transfer vectors ͉ transfection R NAi has become widely used for knocking down the expression of a specific target gene by a posttranscriptional silencing mechanism and thereby it allows phenotypic analysis of gene function in cells (1, 2) . Therapeutic approaches involving RNAi are also actively investigated (3, 4) . To achieve gene silencing, sequence-specific double-stranded small interfering RNA (siRNA) molecules have to be delivered efficiently into the cytoplasm of cells (5, 6) . Various methods have already been used for siRNA delivery, in particular, cationic lipids developed for plasmid DNA transfection (see ref. 7) . These cationic lipids are composed of a hydrophobic moiety linked (by a spacer) to a cationic head group bearing either a quaternary ammonium [such as the lipids DOTMA {N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride} and DOTAP (1,2-dioleoyl-3-trimethylammonium-propane)], a polycation [such as the lipid DOGS (dioctadecylamidoglycylspermine) (8) and lipopolyamine RPR120535 (9) ], or guanidinium groups [such as the lipid BGTC, bis(guanidinium)-tris(2-aminoethyl)amine-cholesterol (10, 11) ]. A colipid such as dioleoyl phosphatidylethanolamine (DOPE) is usually combined with the cationic lipids to form liposomes. The electrostatic interactions between the plasmid DNA and the cationic head groups lead to the formation of supramolecular assemblies whose structure has been shown to be lamellar or hexagonal, depending on the type and proportion of the colipid in the cationic liposomes (12) . Nevertheless, the structural characteristics of complexes formed with siRNA are still unknown, and the relevance of the structures observed with plasmid DNA remains to be assessed in the case of siRNA. It should also be stressed that the current cationic vectors commonly used for plasmid transfection have not been optimized for the delivery of nucleic acids of low molecular weight and particular entities such as siRNA. Indeed, siRNA molecules display a highly specific structure, very different from that of plasmid DNA. A siRNA is a short (usually 21-25 nucleotides) dsRNA with a few (generally 2) nucleotides forming overhangs at the 3Ј ends (13) . These naturally occurring siRNAs result from the processing by Dicer, an enzyme converting long dsRNAs and hairpin RNAs into siRNAs. To bypass the dicing step, this particular structure has to be conserved in synthetic siRNAs. In contrast, plasmid DNA used for gene transfer generally contains, in addition to the prokaryotic sequences required for amplification in bacteria, a eukaryotic expression cassette with a promoter, the cDNA of interest, and a polyadenylation signal. Plasmid DNA thus forms generally large molecules, contrary to the small 21-to 25-nucleotide siRNAs. Such an important structural difference may result in a significant change in the efficiency of a particular transfection vector with one nucleic acid category or another one.
These observations prompted us to design and evaluate new classes of reagents capable of interacting with siRNA molecules in a more specific manner. Our goal was to explore the efficiency of lipidic aminoglycoside derivatives to deliver siRNA molecules and knock down gene expression in mammalian cells. Thus, we chose to synthesize a series of cationic lipids characterized by an aminoglycoside-based cationic head group linked to two hydrophobic dioleyl chains by a succinyl spacer. Indeed, we reasoned that aminoglycosides are natural compounds already widely used as antibiotics that provide a versatile polycationic framework because they are decorated with up to six amine groups and numerous hydroxyl groups. The inherent flexibility of the glycosidic linkages in aminoglycosides may also permit their remodeling for better interaction with specific RNA substructures. In addition, the aminoglycoside family allowed the synthesis of a variety of cationic head groups by using different aminoglycosides (such as kanamycin A, tobramycin, neomycin B, and paromomycin) known to interact with the major groove of duplex RNA or more generally with nucleic acids (14, 15) .
In the present study, we found (i) that complexation of siRNA molecules with lipidic aminoglycoside derivatives followed the three-stage model of colloidal stability proposed for plasmid DNA (9, 11, (16) (17) (18) (19) and (ii) that the cationic lipid/siRNA complexes were formed at lower charge ratios, exhibited a reduced zone of colloidal instability, and had smaller mean diameters compared with our guanidinium-based cationic lipids described in refs. 10 and 11. We also report the results of cryo-transmission electron microscopy (cryo-TEM) and small-angle x-ray-scattering (SAXS) experiments showing that, although the final in toto morphology of the selfassembled siRNA-condensed particles depended on the aminoglycoside type, their general supramolecular arrangement consisted of ordered lamellar domains with an even spacing of 67 Å, irrespective of the aminoglycoside moiety. Finally, we report data from in vitro gene silencing studies demonstrating that lipidic aminoglycoside derivatives displayed a remarkably high efficiency for siRNA-based gene knockdown and allowing the comparison of their efficacy with the effectiveness of cationic lipids designed for DNA transfection and of commercially available reagents for siRNA delivery.
Results

GFP Silencing by Using Current Gene Transfection
Vectors. First, we assessed the gene silencing potential of synthetic vectors that are currently used for plasmid DNA transfection by the delivery of anti-GFP siRNA molecules into human lung cancer H1299 cells engineered to express GFP (therefore termed d2GFP). Thus, anti-GFP siRNA was complexed with BGTC/DOPE or DC-Chol {3-␤-[N-(NЈ,NЈ-dimethylaminoethane)carbamoyl]cholesterol}/ DOPE cationic liposomes or with the cationic polymer polyethyleneimine. At day 1 after transfection, inhibition of GFP expression was monitored by measuring the GFP fluorescence of the transfected cells. The results showed that GFP fluorescence was indeed lowered and that its residual level generally decreased when the charge ratio of the vector/siRNA complexes (expressed as moles of positive charge/moles of negative charge) increased [supporting information (SI) Fig. 5 ]. The lowest GFP fluorescence levels obtained with the liposomes BGTC/DOPE and DC-Chol/DOPE and with the polymer polyethyleneimine were Ϸ32%, 52%, and 55%, respectively. These results did highlight the need to develop novel synthetic vectors that are more efficient for siRNA-mediated gene down-regulation.
Structure of the Lipidic Aminoglycoside Derivatives. Lipidic aminoglycoside derivatives are amphiphiles with a self-aggregating hydrocarbon tail linked to an aminoglycoside head group. Fig. 1 shows the various lipidic aminoglycoside derivatives used in the present study. Schematically, their structure consisted of a tobramycin, kanamycin A, paromomycin, or neomycin B cationic head group linked to two dioleyl chains by a succinyl spacer. The four different compounds studied herein were thus the following: dioleyl succinyl kanamycin A (DOSK), dioleyl succinyl tobramycin (DOST), dioleyl succinyl paromomycin (DOSP), and dioleyl succinyl ethylthioneomycin B (DOSN). It should be stressed here that tobramycin and kanamycin A belong to the class of aminoglycosides characterized by a 4,6-disubstituted 2-deoxystreptamine (4,6-DDS) ring, whereas paromomycin and neomycin B are characterized by a 4,5-disubstituted 2-deoxystreptamine (4,5-DDS) ring. Further research on the synthesis of these compounds (20) will be reported in detail elsewhere (M.S., J.-P.V., and J.-M.L., unpublished work).
Colloidal Stability of the Complexes Formed with Nucleic Acids. Next, we investigated the physicochemical properties of the complexes (as a function of their charge ratio) obtained by mixing plasmid DNA or siRNA molecules with lipidic aminoglycoside derivatives or BGTC-based liposomes (Fig. 2) . To calculate the mean theoretical charge ratio, we assumed that 1 g of siRNA is 3 nmol of negatively charged phosphate and that 2, 4, 3, 4, and 6 positive charges are displayed by BGTC, DOST, DOSK, DOSP, and DOSN, respectively. Dynamic light-scattering analysis of the siRNA complexes was in agreement with a three-zone model of colloidal stability. This model had actually already been described for lipopolyamine/DNA (9, (16) (17) (18) and BGTC/DNA lipoplexes (11, 19) . The three different zones (named A, B, and C) were determined by the cationic lipid/nucleic acid charge ratio. In zone A at low charge ratios, negatively charged and colloidally stable complexes with partially condensed nucleic acid are formed. Zone B contains neutral, large, and colloidally unstable aggregates. In zone C, the particles are positively charged, small, and again colloidally stable. Interestingly, BGTC/siRNA complexes (Fig. 2 A) were characterized by a large zone B ranging from charge ratios 2 to 8, where complexes flocculated and thus had a mean diameter Ͼ700 nm. In contrast, lipidic aminoglycoside derivatives/siRNA complexes ( Fig. 2 B-E ) displayed a narrower zone B and complexes were less aggregated and had a mean diameter of Ϸ400-500 nm. In zone C, BGTC/ siRNA complexes exhibited a mean diameter of 225 nm, whereas the siRNA complexes formed by DOST, DOSK, DOSP, and DOSN liposomes had a mean diameter of 81, 105, 58, and 57 nm, respectively. Thus, DOST, DOSK, DOSP, and DOSN liposomes were able to form small particles when complexed with siRNA molecules. Note that no obvious size difference occurred between the complexes formed by BGTC and lipidic aminoglycoside derivative liposomes with plasmid DNA (Fig. 2) .
Next, we investigated the formation of siRNA or DNA complexes by ethidium bromide fluorescence measurements. As expected, the fluorescence intensity decreased as the cationic lipid/ nucleic acid charge ratio increased. Fluorescence intensity decreased in zone A from 100% to a value close to zero and persisted at this minimum value in zones B and C. Although complexation of DNA with either BGTC or aminoglycoside derivative liposomes led to a similar decrease in fluorescence intensity, differences were observed in the siRNA case. Here, only with BGTC/siRNA complexes was there an obvious lag before the fluorescence intensity decreased. On the other hand, the slope of the decrease of the fluorescence intensity was steeper with DOSN and DOSP than with that observed with DOSK and DOST siRNA complexes. Thus, DOSN and DOSP liposomes appear to strongly complex siRNA molecules, thereby leading to rapid and total exclusion of ethidium bromide for charge ratios Ͻ2.
Structural Features of siRNA Complexes: Cryo-TEM Imaging and SAXS
Experiments. Mixing unilamellar BGTC liposomes 30-70 nm in diameter with siRNA led to the formation of discrete compact and concentric structures with a size in the 200-to 500-nm range ( Fig.  3 A and B) . These structures were probably made of stacks of alternating lipid bilayers and electron-dense densities corresponding to siRNA molecules. Indeed, the complexes exhibited a periodicity of Ϸ70 Å, a value consistent with the sum of the thickness of a lipid bilayer and the diameter of the double-stranded siRNA molecules. In addition, for well oriented structures, the micrographs , and DOSN (E) cationic liposomes at the required concentrations with plasmid DNA (E) or siRNA (OE) at 10 g/ml. Dynamic lightscattering analysis (solid lines) was performed to assess colloidal stability of the complexes. Ethidium bromide fluorescence measurements (dashed lines) allowed the evaluation of nucleic acid entrapment within complexes. a.u., arbitrary units. Size determination and fluorescence measurements were performed after 1 h of complexation. An arbitrary value of 700 nm was attributed to complexes that were colloidally unstable. also visualized fine striations with a 30-Å spacing, which might correspond to a regular arrangement of the siRNA molecules between the two lipid bilayers (box in Fig. 3B ). When mixed with siRNA, DOST and DOSK liposomes formed concentric multilamellar (''onion-like'') structures, possibly consisting of a regular packing of lipid bilayers and siRNA molecules, which were strongly similar to those obtained with BGTC liposomes (Fig. 3 C-E) . Indeed, a typical complex (Fig. 3C) again exhibited a regular spacing of Ϸ70 Å between two consecutive repeats, the electron-dense layer corresponding probably to the siRNA monolayer. Here again, the siRNA molecules appeared well ordered on the lipid membrane as observed on the edge of the lipoplex (black arrow in the upper-right corner of Fig. 3C ) with a spacing similar to that observed with BGTC/siRNA complexes (see above).
With DOSP and DOSN liposomes, small complexes with a size of Ϸ60 nm were formed when adding siRNA molecules (Fig. 3 F-I) , and these complexes actually exhibited a peculiar tendency to form clusters by aggregation. Most importantly, unlike the complexes formed by the three previous cationic lipid formulations (BGTC-, DOST-, and DOSK-based liposomes), the complexes obtained with DOSP and DOSN liposomes possessed a much more irregular structure. Indeed, although they were also composed of stacks of alternating lipid bilayers and siRNA molecules with a spacing of Ϸ70 Å, such an arrangement did not extend over a distance long enough to form fully concentric onion-like structures. Consequently, only ordered microdomains characterized by a flat fingerprint-like repetition were observed. This finding may be linked to the size of the DOSP and DOSN liposomes (diameter range, 30-50 nm). Indeed, they generally had a smaller size than those prepared with the three other cationic lipids (data not shown) and thus might not be able to induce the formation of complete onion-like structures. It is also noteworthy here that, when the liposomes prepared from the five different lipid mixtures were exposed to 300 mM NaCl, the small liposomes remained unilamellar, whereas the large ones became bilamellar (data not shown), probably because of an osmotic effect, as described in ref. 19 .
SAXS scans of siRNA complexes formed by BGTC or DOSP liposomes revealed a first-order reflection peak at 67.7 and 67.5 Å, respectively (data not shown). Thus, the spacing of Ϸ70 Å observed by cryo-TEM imaging of DOSP and BGTC/siRNA complexes (see above) was similar to that determined by x-ray scattering. Moreover, BGTC/siRNA complexes (but not DOSP/siRNA complexes) exhibited a second-order reflection peak at 33.8 Å, which clearly indicates the presence of a lamellar structure organized over a long distance and is in good agreement with the cryo-TEM micrographs (data not shown and see above). Finally, in control experiments, BGTC/plasmid DNA lipoplexes were also studied by SAXS. A first-order reflection peak at 69.1 Å and a second-order reflection at 34.5 Å were easily detected, a finding consistent with SAXS results reported for BGTC/DNA complexes in ref. 11 .
GFP Silencing Activity of the siRNA Complexes Formed by the Various
Aminoglycoside Derivatives. As shown in Fig. 4A , a general trend indicated that GFP fluorescence levels of d2GFP cells transfected with the various GFP-targeting siRNA complexes decreased progressively as the cationic lipid/siRNA charge ratio increased. However, cationic lipids with aminoglycoside head groups belonging to the 4,6-DDS family, i.e., DOST and DOSK, exhibited divergent behaviors because they led to either a slow (DOSK) or a fast (DOST) decrease in GFP fluorescence when the cationic lipid/ siRNA charge ratio increased. In contrast, both lipidic derivatives of the 4,5-DDS class of aminoglycosides, i.e., DOSP and DOSN, led to a similar progressive decrease of GFP expression, a minimal residual GFP fluorescence level of Ϸ10% finally being reached. Importantly, transfections of RNA-induced silencing complexloaded control (not GFP-targeting) siRNA by using the various cationic lipids under the same conditions allowed normalization of the residual GFP expression for each data point. Identical results were obtained with control siRNA-transfected cells and with untransfected cells that were thus used as reference for normalization. This indicates that transfection of control siRNA did not affect the endogenous GFP fluorescence level compared with nontransfected cells (data not shown), and strongly suggests that the complexes were not cytotoxic for d2GFP cells. Accordingly, Fig. 4B shows that delivery of anti-GFP siRNA molecules into d2GFP cells by DOSP/siRNA complexes led to a strong reduction of the number of GFP-positive cells (E), which correlated with a high cellular uptake of the siRNA molecules (as visualized in H by the red fluorescence due to the rhodaminelabeled anti-GFP siRNA). In contrast, DOSK liposomes also clearly led to efficient siRNA uptake by the cells (I), but the GFP fluorescence was only slightly reduced (F) compared with cells transfected with control siRNA (C). Naked ''unreacted'' siRNA was used as control of the efficiency of the cationic lipids for siRNA delivery; A, D, and G show that there was suppression of neither GFP expression nor siRNA uptake, a finding confirming the role of the vectors for siRNA delivery.
Next, we performed RNAi experiments with siRNA targeting the endogenous lamin A/C expression. Here, RT-PCR results indicated that d2GFP cells transfected with DOSP/siRNA complexes had very little residual lamin A/C mRNA compared with cells transfected with control siRNA (Fig. 4C) , a finding demonstrating that DOSP/siRNA complexes can also allow the efficient knockdown of the expression of an endogenous gene in d2GFP cells. To broaden our conclusions, we also found that DOSP/antilamin A/C siRNA complexes were highly efficient for silencing of lamin A/C expression in other human cells lines such as HEK293 cells (human embryonic kidney cells) and HeLa cells (derived from a human epithelioid cervical cancer), a very low level of residual lamin A/C mRNA again being observed (Fig. 4C) .
In additional experiments, we studied the kinetics of GFP silencing and compared the silencing efficacy of DOSP liposomes with the effectiveness of commercial reagents (see SI Text and SI Figs. 6 and 7). These studies basically showed that GFP silencing was maximal for Ϸ5 days and that DOSP liposomes were the most efficient among the reagents tested under our conditions. Finally, direct evaluation of the cytotoxicity of DOSP/siRNA complexes evaluated in the three different cells lines used in the present study by flow cytometry and by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay clearly showed that the viability of the transfected cells was not affected (data not shown).
Discussion
Gene silencing requires a highly efficient method for delivery of the siRNA duplexes into the cytoplasm of cells. Thus, in the present study, we have investigated the relationships between the physicochemical properties and the gene silencing efficiency of siRNA complexes formed by cationic lipids characterized by aminoglycosidic head groups. First, the colloidal stability properties of lipidic aminoglycoside derivatives/siRNA complexes were found to strongly depend on their ϩ/Ϫ mean charge ratio, a feature allowing the identification of three different zones (termed A, B, and C) corresponding, respectively, to negative, neutral, and positive complexes. Such a colloidal stability behavior had already been observed with DNA lipoplexes formed when mixing DNA with lipopolyamine micelles (9, (16) (17) (18) , BGTC (refs. 11 and 19 and this study), and quaternary ammonium cationic liposomes (21, 22) . The width of the neutral zone B observed with lipidic aminoglycoside derivative/DNA complexes was in fact similar to the width of lipidic amidinium derivative/DNA complexes. However, the zone B width was clearly smaller for the siRNA complexes formed by our lipidic aminoglycoside derivatives than for those formed by lipidic amidinium derivatives. In particular, the boundary between the zones A and B was shifted toward a lower charge ratio when siRNA was complexed with 4,5-DDS aminoglycoside derivatives in comparison with 4,6-DDS derivatives and BGTC. It is also noteworthy that, in all three zones, the mean diameter of the aminoglycoside derivative/ siRNA complexes was smaller than the mean diameters of lipidic amidinium derivative/siRNA complexes. In zone C, the mean diameters of the siRNA complexes obtained with DOST and DOSK were, respectively, 81 and 105 nm, and they were even smaller for the DOSP-and DOSN-based complexes (58 and 57 nm, respectively).
Cryo-TEM analysis of the siRNA complexes revealed two different types of morphologies: large, concentric lamellar structures and grape-like structures with small lamellar microdomains. Thus, most importantly, complexation with siRNA transformed the initial unilamellar liposomes into lamellar supramolecular bioassemblies consisting of either concentric multilamellar structures or ordered microdomains. A regular spacing of Ϸ67.7 Å, which probably corresponds to alternating lipid bilayers with intercalated siRNA molecules, was measured by SAXS and cryo-TEM in both morphological types of bioassemblies. Moreover, as shown by cryo-TEM, siRNA molecules adopted a regular arrangement with a periodicity of Ϸ30 Å within the monolayer they formed in the concentric multilamellar structures. It is likely that the siRNA molecules are arranged in a similar manner within the grape-like structures, although this was not observed probably because of their very small sizes. The fact that siRNA complexes with different morphologies were formed by the two classes of aminoglycoside derivatives might be explained by specific geometry features, the 4,6-DDS and 4,5-DDS derivatives adopting cylindrical and conical shapes, respectively. These features could impact the formation and size of the initial liposomes and the complexes. It has indeed been shown that a concentric multilamellar organization over a long distance was favored when using large liposomes able to disrupt and reassemble, thereby sandwiching the nucleic acid molecules. On the other hand, small liposomes may behave like spherical micelles and lead to ordered lamellar microdomains, as shown with lipopolyamine micelles in ref. 19 .
As stated above, RNAi-mediated gene silencing requires the efficient delivery of siRNA molecules into the cytoplasm of the target cells. Thus, we also investigated the efficiency of our well characterized lipidic aminoglycoside derivative/siRNA complexes for gene down-regulation. Clearly, highly effective complexes for gene silencing were obtained with 4,5-DDS derivative-based zone C siRNA complexes, characterized by their small diameter and high colloidal stability. In general, it is agreed that cationic lipid/nucleic acid complexes are internalized into cells through an endocytosis process mediated by electrostatic interactions between the positively charged lipoplexes and negative residues on the cell membrane (23) . Thus, regarding trafficking of the siRNA molecules into and within the cells, aminoglycoside-derived cationic lipid/siRNA complexes may actually improve both siRNA internalization and endosomal escape into the cellular cytosol because of their particular physicochemical properties and structural features. For instance, an increased endosomal escape of the siRNA may be observed as a flip-flop mechanism (24) , which could be favored by the flexibility of the aminoglycoside moiety of the cationic lipid. This phenomenon may be enhanced by the existence of lamellar fingerprint-like microdomains in the siRNA complexes formed by 4,5-DDS derivatives (DOSP and DOSN) because such microdomains may have a more destabilizing effect on the endosomal membrane than the complete well ordered onion-like structures obtained with BGTC and the 4,6-DDS derivatives DOSK and DOST. Such a destabilizing process is probably critical for the release of a large amount of siRNA into the cell cytoplasm and its subsequent incorporation into functional RNA-induced silencing complexes.
